Une généralisation logique de l'analyse de concepts formels by Ferré, Sébastien & Ridoux, Olivier
Une ge´ne´ralisation logique de l’analyse de concepts
formels
Se´bastien Ferre´, Olivier Ridoux
To cite this version:
Se´bastien Ferre´, Olivier Ridoux. Une ge´ne´ralisation logique de l’analyse de concepts formels.
[Rapport de recherche] RR-3820, INRIA. 1999. <inria-00072838>
HAL Id: inria-00072838
https://hal.inria.fr/inria-00072838
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de


























R ap por t  

de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Une généralisation logique
de l’analyse de concepts formels














YE`bo¥YEX tWdfYEo_{¦ k,irirwxactWnWixo_o¥eC`CiwrYEXﬀ~bdfkCh^Eoj~bklw_{YEoY§~WwxYEoxoraceC`bo}{¦ nW`WYdceCgﬃamuCnbY~WwxYEoxuCnbY klwxtWacirwklafwrYC¨b}eCnboj~bwreCnW©ﬃeC`bo}u5nWY







Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
Téléphone : 02 99 84 71 00 - International : +33 2 99 84 71 00























0/1	ﬀ:<;>= ?&= @BA¯¬;eCD; YDoinW`Y`o¥YEX tWdfY/®b`Was{¦EﬀFG	¯¬? YEo¥inW`-YE`borYX tbdcYH®b`Was{¦<
0F	ﬂH¯¬
@
YEo¥inb`WYwxYdmk,ixaceC` Y`5irwxY dfYEoeﬃtWyYixoYi_dcYDok,i¥ixwraftWnio=h0IÇ«IÇ{¦¨f¬nW` o¥eCnboJI¾Y`o¥YEX tWdfY {Y&;LKM?¤¯¬Rd=ONPO$%	>ﬀRQS')T*
UV
0/&O	=¡j¢&£XW  afdf5Zs¬\ ﬃﬃkYK¬¢%Ubkl~WacirwxYŁCŁ}{Wkl`boZW vHCY¤A{^®b`Waci&{YDoP'),'9T*/heﬃX"X"Yj{YDoAYE`bo¥YEX tWdfYEoHX°k,§acX°kﬃn§
{¦ eﬃtWyYixo}~bklwrixkﬃgﬃYEkﬃ`5i%dfYEoX"ªX"YEojk,i¥ixwraftWnio¨vHdcnbo	eﬃwxXﬀYEdcdfYX"YE`CiD¬nW` heC`bhYE~i	YEo¥i}nW` heﬃnb~WdcY&:<[D= \AeﬀCR[YDoi}nb`
oreﬃnbo#I



















{Weﬃ`W`WY-~8eﬃnbw	ireCni}Y`borYXtWdfY{¦ eCtyYio	dK YE`bo¥YEX tWdfY{YDo}k,irirwxactWnWixo	~bkﬃw¥iklgC^Eo&~bklw}hYEo	eCtyYio¨z3kﬀeﬃ`h0I
ixaceC`c{Weﬃ`W`WY°~8eﬃnbw-ireCni Y`o¥YEX tWdfY{¦ k,i¥ixwraftWnio-dK YE`bo¥YEX tWdfY{YDo-eﬃtyYixou5nWa%~e5ororVE{WY`5i-ireCnbohYDok,irirwxactbnixoE¨3z3k heﬃXDI





























¢%YDoj{af©ﬃYEwxo}{WeﬃX°klaf`WYEoj{¦ kﬃ~W~WdfafhEk,ixaceC`Jkﬃ~W~8eﬃwrirY`5ijdfYt8YEoreﬃaf` {Y heﬃ`5irY§5ixYEoeCwrX"YEdfoj~Wdcnojoreﬃ~WUWamo¥iramuCnb^Eo}u5nWYdmkoracX"~WdfY
~Wwx^EorY`hY%lkltborY`hY{p kli¥irwxaftWnixoE¨v/klw"Y§YX"~WdfYﬃ¬/{YJ`WeCX tWwxYnW§·{WeﬃX°klaf`WYEo"{¦ kl~b~Wdcamhklirafeﬃ` nirafdcamorY`5i{YEoﬀ©,kldfYnWwo`5nbXﬀ^	I
wxafu5nWYDoY§¦¨WdceC`WgﬃnbYnWwo¬s~Wwxac§R¬7lgﬃYDox¤%Yi}eﬃ`JwrYDororY`5i}kﬃoxorY-o¥eCnW©ﬃYE`5idfY-t8YEoreﬃaf`J{p Y§s~bwrafX"Yw	dmk`b^gCklirafeﬃ`
Yijdmk"{amoyeC`bh¯ixaceC`p¨
_kl`bo nW` hEkﬃ{wxY°tYDklnbheﬃnW~·~bdcnboo¥~8^Ehafkﬃdcamor^ﬃ¬peC`·~YEniﬀkﬃnbororaHafX°klgCac`WYEwnixacdfaforYwdcYDoiqs~YDo {Y
heCXﬀ~8eCoxkl`5iodceCgﬃamhafYdmokln
dfacYEn{YEo-kli¥ixwraftWnio}C¨pvAdfnboracYEnWwoY`WwxafhUbafoxo¥YEX"Y`5ixo-{YDok,irirwxactbnixo-eC`5i {^y¥«J^ir^°~Wwxeﬃ~8eCor^Eo ^8~klw-Y§YEXﬀ~bdcYC¬3{YEo k,i¥ixwraftWnio









_kl`bo(dfk o¥nWacirY{YhYwkl~W~8eﬃwriE¬AeC`{^Eorafgﬃ`WYEwxk~bkﬃw¡j¢&£ eﬃn¡j¢'	¢%)0ﬁ	ﬂﬃdfkeCwrX"Y eCwrafgﬃaf`bkﬃdcY {Y d= kl`bkﬃdcqorY {Y
heﬃ`bhY~io¬ixkﬃ`b{amoju5np eﬃ` {^Do¥afgﬃ`WYEwxk"~klw¡j¢&z eﬃn ¡j¢£},
O	)"d= kl`kldfqsorY{Yﬀheﬃ`hY~Wixo	ixYdfdcYﬀu5np YEdcdfYYDoi{^©CYdfeﬃ~W~8^Y
{Wkﬃ`bo	hY-wkl~b~eCw¥iD¨sz3Y_irYwxX"Y¡j¢ orYwk YEX"~Wdce,qC^~eCnWw	~bklwxdfYw	{Y-hYDo	{Yn§eﬃwxX"YEo«ﬀdfkeﬃamoE¨bz3k"orYEh¯ixaceC`JZ~bkﬃw¥i}{YdK ¡j¢























































ce:\A ` orx!sM;6v ¸):xAº \z KZﬃ¤
z3Y_wxYEo¥irY-{Y-dmkirUW^EeﬃwxacY-{Y-dK ¡j¢&£YEo¥i	ac`hUbkl`WgC^ﬃ¨
 kﬃac`5ixY`bkﬃ`CiD¬Y`-heﬃ`bornWdcixkl`5i3kli¥irYE`5iraf©ﬃYX"YE`CipdfYEop~WwrYEnW©ﬃYDop{Y/dK ¡j¢&£YiY`-heC`bo¥am{^Ewxkﬃ`Ci¦dmk	heC`W`WYEhirafeﬃ`Y`5ixwrYAo¥irwxnbh¯ixnWwxYEo















































































































































01 ﬁs32)¶ ﬁ465j`Y§YEXﬀ~bdcY"{Y"dceCgﬃamu5nWY nixacdfamorkﬃtWdcY"{Wkﬃ`bo_d= ¡j¢&z YDoidmk(dfeﬃgCafu5nWY~WwreC~e5o¥acirafeﬃ`b`WYdfdcYC¬eCdfYEoeﬃwxX nbdcYDo_oreﬃ`5i
kﬃ~W~YEdc^EYEoß*






dfY heC`W`WYEhirYEnWw"nW`bklafwxY>=&¨a^X°kl`5iramu5nWYX"YE`CiD¬/dcYDo"ac`5ixYwx~Wwr^ixklirafeﬃ`bo"oreﬃ`5i{YEo"~bkﬃw¥ixacYDo"{Y d= Y`o¥YEX tWdfY {YEo"~Wwxeﬃ~8eCoracirafeﬃ`bo







? :qHA ` o%\fs
iﬀn
v q>s¡\]zC¬b~eCnWwireCniZq>s¡?










































































ornW~WwxYXnWXN Yi}{¦ ac`W®bX nWXO&¨
§¨<§ P ³a¯°B®RQ°H®£®ß°TS,³a¯P¯d®US°²#³a¯WVZ®YX ±S¶J³²#­
_kl`boﬀhYi¥ixYorYEh¯ixaceC`p¬)eﬃ`kl~b~Wdcamu5nWY(dK af{^EY(af`5irwxes{WnWa ixY«dfk orYEhirafeﬃ`~bwr^Dh^E{WY`5irY~8eﬃnbwﬀ{eC`W`WYEw nW`WY(eﬃwxX nWdmk,ixaceC`{Y
dK ¡j¢ gﬃ^E`W^wkldfafor^Y«(nW`bYdfeﬃgCafu5nWYﬀ~WwxYEoxuCnbYklwxtWacirwklafwrYa^bdK ¡j`bkldfqo¥Y"{Y(¢%eﬃ`bhY~ioz3eﬃgCafu5nWY
M¡j¢&z¤¨pz3k(irwkl`bor~8eCora ixaceC`{Y
âr¼0ÕÇ)Âr¿yÀ#¾TÃZ¾[Zr¾JÊyË%È2¾\~Å%ÍJ¿<Ä^]0Â%¾É%Âu¾JÂ%¿¾#ÊÏ%È2¾År¾Ë%ÎÁ0ËﬀÁ0¿Ä Ã<Ä2Á0Âr¿Ç9ÃÁ0ÊyÄ^_ãÉr¾#¿d¾TÃdËÇ)¿dÉ%Ât¾JÂ%¿<¾JÊÏrÈ2¾Å}Ü Ç9ÃÃ<ÎÄ2Ï%ÉrÃ¿PÀJÁ0ÊyÊy¾ZÅÇ)Â%¿dÈÜ `VÑbae¼















¨Wz3YEo~WwxYnb©ﬃYEo	oreﬃ`5i	eﬃtWirY`snWYDo	«ﬀ~bklwrirafw}{n hUbkl~ba ixwrYﬀŁﬃŁ-{Y&W jv%ﬃYpYi}Y` kl~b~Wdcamu5nbkl`5i}hYi¥ixYirwkl`bor~e5o¥acirafeﬃ`3¨

³M²
	¥µﬃ²R³ ﬁ 1¦³ ﬁ  VheC`CixY§sirY°eﬃwxXﬀYEdm¤(00ﬂHR
0 *,¢	:+;&= Z= ¸JA!































¸0ﬂH,.-'	 ﬀ]; ﬀ- ﬁ	ﬂHa%)	ã'	t'ﬀﬁﬂﬃDﬀFG	ﬂH,.-
0/DﬂH¢DﬁﬂHa)'






























# ﬁ5  ﬁ$	J ßE:<;>= P= ¸JA!ﬂH')ﬃT98ﬀTe[D=2[% F ;  "= "&%]sC *ﬃﬂH































































































































































































































































¼DÄÄ2ÂÃ¾#ÂÃÄ2Á0Â&ÅPÅ%Á0Ä ÃÆTÃ<Î¾ËrÎÄ2¿yÄ2ÀJÄßÅÇ)Â%¿yÉrÂt¿¾JÂ%¿Ä2ÂrÛ¢Á0ÎÊy¾JÈ¼7Ñ,¾J¿Û¢Á0ÎÊÉ%È2¾J¿Â%¾ZÛÁ0ÂÃ _	É%¾PÙÍDÇ%Ä2ÀJÉ%È2¾JÎyÈ2¾J¿À#Ç)ÎÇ)ÀJÃÍJÎÄ2¿Ã<Ä^_	É%¾J¿ZÅ%¾J¿yÁ0ÏÈ¾JÃ¿ _	É%¾



























`Weﬃirafeﬃ`boﬀixUW^eCwramu5nWYEoYi`beﬃ` «~Wwx^EorY`5ixYwﬀnW`WY kl~W~bdcamhklirafeﬃ` wx^Ekﬃdcamo¥irYJ{YJd= ¡j¢&zA¨AzkdfeﬃgCafu5nWY
YX"~Wdfe,qﬃ^EYYDoi°dmkdfeﬃgCafu5nWY






















ﬃﬂH')ﬃT8T(:+;&= Z= ¸JA ﬂHheC`bhYE~i&0yﬂHd*ﬃE















































¢%eCXﬀX"Y-{Wkﬃ`bod= ¡j¢ hdmkﬃoxo¥amu5nWYﬃ¬WhYi	eﬃw{wxYYDoijheﬃX"~bk,ixactbdcY-k;©ﬃYDhjdK eﬃw{wrY-ornWw	dfYEoaf`CixY`5irafeﬃ`o¨





































































































































































































QRJLO?Jo`c ± fl² 
±















































































































































































































































































































































































































§¨*4 5u°²76ﬀ8Z®ß°H±´a® V.8 °H«®V²#¶#¶²#­ Vd® S,³a¯S,® ﬀd°­
YX°kﬃ`WacVEwrY_kl`bkﬃdceCgﬃnWY« dK ¡j¢¸hdfkCororamuCnbYﬃ¬5eﬃ`(~8YnWi&^iramuCnbYirYEwdcYirwxYafdcdfamo%{YheC`bhYE~ixo%~bkﬃw%dfYEo&eﬃtWyYixo%YidfYEo%eﬃwxX nWdfYEoE¨





























































c /\ (a \/ b) ba
























































































































































































































JLO?JLK01ﬂJ #MﬃM / QuJLOJLK02ﬂﬀJ #MﬃMﬃMﬃMV
























¢%eC`bhYEwr`bkﬃ`5idmkeC`bh¯ixaceC` {¦ ^ixafu5nWYixklgCY';¬RdcY"dfYX"X"Y"ZW¨f¥ŁD¤jXﬀeC`5irwxYﬀu5nWY ;:xA}YDoi-dfY~bdcnbo_~8Yixa i {YDoheﬃ`hY~Wixo_{eﬃ`5i
dK Y§sirY`o¥afeﬃ`
heﬃ`5ixacYE`Ciyx Yi	dfYdfYX"X"YZ¨m=Zﬃ¤H^ikltWdfaci	u5nWYireCni}heC`bhYE~i&YDoidfYornW~WwxYXnWX+{YheC`bhYE~ixo&^ixafu5nWYir^Do~bklwkln
X"eﬃaf`bo_nW`eﬃtyYiE¨3¢%eﬃ`hYwx`bkﬃ`Ci_dfk(eﬃ`h¯irafeﬃ`{¦ ^ixafu5nWYixklgCY </¬RdfY"dcYEXﬀX"Y°Z¨mM5¤}X"eﬃ`5ixwrY"u5nWY <.:("ßAYEo¥i_dfY"~WdcnogCwxkﬃ`b{ {YDo
heﬃ`bhY~io-{eﬃ`5i-d= af`CixY`5irafeﬃ`YE`Cixwxk 2m`bYdfeﬃgCafu5nWYEXﬀYE`5i " pYidcY"dfYX"X"Y(Z¨m 5¤^ixkltbdcaci u5nWYﬀireﬃnWi heﬃ`hY~WiYDoi-^iramuCnbYir^°~klw
kﬃnX"eﬃaf`bonW`bYeCwrXnWdfYﬃ¨WzpY_dfYX"X"Y Z¨mﬃ¤HX"eﬃ`5irwxY-u5np nb`eCtyYi}u5nWYdmheC`bu5nWYxoxk,ixafo¥Mklaci%ixeﬃnixYEodfYEo&eCwrXnWdcYDo&^iramu5nWYikl`5i







Z¨m  ﬃ¤klyeﬃnixY(u5nWYixeﬃnixY(eCwrXnWdcY(^iramu5nWYikl`5inb` heC`bhYE~i YDoi°{^E{Wnbh¯ixactWdfY
dfeﬃgCafu5nWYEXﬀYE`5i	{WY-d= ac`5ixY`5irafeﬃ`J{YhY-heﬃ`bhY~iD¨




















` k wxYEo¥irwxYaf`5idK ^iramuCnbYixkﬃgﬃY~bklwdcYDo eCwrXnWdfYEo kﬃn§{amoyeC`bh¯ixaceC`bo¬hkﬃwafd&qk nW`WYac`W®b`Wacir^ {YeCwrXnWdfYEo
{Wkﬃ`bo-7 YijireﬃnWi{Y-X"ªX"YZl"hdmkﬃoxo¥YDo}{¦ ^Eu5nWaf©,kldfY`bhY-Xﬀe{nbdce,H¨¦¢%Y{Ywx`WafYw}~8eﬃaf`5ijacX"~WdfamuCnbY u5nWY{YEoheC`bhYE~ixo}oreﬃ`5i







x z ya c b
a \/ c b \/ c
a \/ b













_kl`bo(nW` heﬃ`5irY§5ixY ~bkﬃw¥ixafhnWdcafYwD¬Hafd_YEo¥i(~e5ororaftWdcY {¦ eCwx{Weﬃ`W`WYEw(hYEw¥iklaf`WYEo(~Wwxeﬃ~Wwxac^ir^Do¬AtbacYE` u5np YEdcdfYEo(`WY oreﬃafY`5i(~kﬃo
heﬃX"~bklwkltbdcYDo	~bklw

v `¨v/klwY§YX"~WdfYﬃ¬8o¥aireCnbo}dfYEoeﬃamorYEklnW§©ﬃeCdcYE`5i{Wkl`o}nW`heﬃ`5irY§sirY {eC`W`W^C¬8kﬃdceCwxo	eC` ~YEni-{acwxY u5nWYdfk




















³M² b # #)µﬃ³&=²? µﬃ²R³ ﬁ 1¦³D W¶NMD ﬁ3 ,7  ` :<;>= P= ¸JA!ﬂH')7+98+	 "= #tsC!ﬂ
 EZﬁﬂﬃ"YE`Cixwxk 2m`bYheﬃ`5irY§sirnWYEdcdfYX"Y`5i#ﬃ¢1'9ﬃT8T) 	,T"

v `# a) ce:'"ßAFXce:#HA'>H >#/ﬂ0.TﬂH











































































































































































































: ce:("ßA#AheﬃX"X"Y dK ac`5irYE`5irafeﬃ` heC`5irY§sixnWYdfdcYEX"Y`5ij^Eu5nWaf©,kldfY`5irY« ")¨z3Y dfYX"X"Y W¨mC¤	X"eﬃ`5irwxYu5nWY
dfYheC`CixY§sirY`WY-X"e{ac®bY~bkﬃodfYEo}~WwreC~Wwxac^ir^Eo{YDoeﬃtyYixo ^Wacd¦`3 klyeﬃnixY_`bap`WYornW~W~WwxacX"Y-u5nWYdmu5nWY-~Wwxeﬃ~Wwxaf^ir^u5nWYhY-oreﬃaciE¨
z3YheC`5irY§sixY}yeﬃnbY dfY w	ﬃdfY {¦ nW`WYirUW^EeﬃwxacY^irYE`b{Wkﬃ`Ci_dfk(wrYEdfklirafeﬃ` {Yﬀ{^E{Wnbh¯ixaceC`Yi_~YEwrX"Yi¥ixkﬃ`5i{Y`Weﬃnb©ﬃYdfdfYEoj{W^E{nbhI
ixaceC`bo¨%z3kdceCgﬃamu5nWY heﬃ`5ixY§sirnbkﬃdcamor^Y



























hY u5nWapYEo¥ij{^¥y¥«"©5wkla{Wkl`bo-7¨bjY-X°kﬃ`WacVEwrY-gC^`W^EwxkﬃdcYC¬seﬃ`J©ﬃ^Ewrac®bY-tWafY` u5nWY-ixeﬃnixYEo	dfYEo}{W^E{nbhirafeﬃ`bo}©;kﬃdcam{YDo}{Wkl`o 7 oreﬃ`5i














































































































































































 / b[ 
$
`^ V$


































































































































































































































































































































































































































dmk heC`,yeﬃ`h¯irafeﬃ`3¬pX°klamo-~bkﬃo~eCnWwdmk {afoMyeﬃ`h¯irafeﬃ`3¨3jYhY°Mkﬃa iD¬3dfY"irwxYafdcdfafo {Y(heC`bhYE~ixo`p YDoi~bkﬃo-UbeﬃX"eﬃX"eﬃwx~WUWY°« hYdfnWa
{Y dfk°dfeﬃgCafu5nWY{WY {^~klwri¤¯¬8Yi{eC`bhl¬8hYEw¥iklaf`WYEo	~bwreC~Wwraf^ix^Eo	u5nWY~8eﬃnb©;kﬃa ik;©ﬃeCacw	hYi¥ixY dfeﬃgﬃamu5nWY-~8YnW©CY`5ijªixwrY-~8Yw{nWYDo
{Wkﬃ`bo}dfY-ixwrYEacdfdcamoj{WY heC`bhYE~ixoE¨R¢ YEo¥ijdfY hkCo	~bklwY§YX"~WdfY {Y dfk"~Wwxeﬃ~bwraf^ix^ {Y {amo¥irwxactWnWiraf©5acir^{Wkl`bojdcYheﬃ`5ixY§sirY   Mh¨



































































































3 (   "	
zH eCtyYiJ{YhYirirY orYEhirafeﬃ`YDoi {Y{afoxhnWirYwJ{Yd= af`Cixwre{nh¯irafeﬃ`@{Yu5nWYEdfu5nWYDo(^Edc^EX"Y`5ixonirafdfYEoJ{Wkl`o ¨%­A` YﬂRYiD¬



























































































KDJLYMﬃMV O?JLQRJ]\MﬃM ] L¨£¥ﬀ©ª©ª¥\«¦
n*q

































































































JTS / M1t} S Vwv ﬁﬀﬃﬂﬀJ   M}~SÁVwv     JTS / M1k Â













































































­A`®b`3¬/eﬃ` ~8YnWi"heﬃX"~Wdf^irYEw"dcYirUW^EeﬃwxVX"Y~bklwﬀdfYEoﬀwrYEdfklirafeﬃ`boﬀ{n irUW^EeﬃwxVX"YornWaf©;kﬃ`5iJ=uCnbaynoixa ®bYE`5iﬀdfYEoﬀ`Weﬃixk,ixaceC`bo
hUWeCaforafYEo~8eﬃnWw	dfYireC~Yi}dcY-t8elirireﬃX {Y-dfkﬀdfeﬃgCafu5nWY-heC`5irY§sixnbkldfafor^Y;¤¯¨












































































































































































































4d¨<§ !±YS,³  ﬀ¶J¬  ® ¯°H±°H²#³a¯ «®V¶J±°²a®
z3Y"{WeﬃX°klaf`WY"{¦ kﬃ~W~WdfafhEk,ixaceC`Y`s©samorkﬃgﬃ^ YDoihYdfnWaA{YEo-orqoixVX"YEo{¦ af`eﬃwxX°k,irafeﬃ`{Wkl`odcYDoru5nWYEdfo_dfYixwrYEacdfdfafo{Y°heC`bhYE~i
yeCnWYwklacidcY°w	ﬃdfY°{Yo¥irwxnbh¯ixnWwrY°{¦ eﬃwxgCkﬃ`Wamorklirafeﬃ` Yi{Y°`bk;©safgCk,ixaceC`p¨¦zpYDo^df^X"Y`5ixo {Y  orYwx©ﬃY`5i-«JdfkeCafo« {W^EhwxafwrYﬀdcYDo
~Wwxeﬃ~bwraf^ix^Eo	{YDoeﬃtyYixo-~klw	dmk eC`bh¯ixaceC`¡¸H{n heC`CixY§sirY;¤%Yij«eﬃwxX nWdfYw	dfYEowxYEu5nWªirYDo¨






















zk{YEn§acVEXﬀYYEo¥i dmk `bk;©safgCk,ixaceC`·uCnba&{eCa iﬀ~Wwxeﬃ~8eCorYw~8eﬃnWwﬀhUbkﬃu5nWY(wrYDuCnbªirYnW`YE`bo¥YEX tWdfY({YwrYDu5nWªixYEo~bdcnbo~Wwx^EhaforY.^
dfYEot	ﬂB%>T
)ﬁﬂ	T0=kl`bkﬃdceCgﬃnWYDo{YEoﬀoreﬃnbo#IKwx^~8YwrireCacwxYEo-{bkl`bodcYDoorqoixVX"YEo{Y®8hUWacYEwxo¤¯¨)­A`·Mkﬃa iD¬/hYu5nWYd= eﬃ` ©ﬃeﬃn{wxkﬃa i
{eC`W`WYEw&« d= nirafdfafoxk,ixYnWwD¬ChYj`WYo¥eC`5iH~bkﬃo%dfYEo&o¥eCnboJI¾wxYEu5nWªixYEo/YEdcdfYEo#I¾XﬀªEX"YEoAX°kﬃafo&{YEoHeﬃwxX nbdcYDoA~Wdfnbo&o¥afX"~WdcYDo¬5eﬃtWirY`snWYDoH~klw
¥wrYirwkl`bhUbYX"Y`5i{Ydfk"wxYEu5nWªirYac`ba ixafkﬃdcY-klnW§o¥eCnbo#IKwxYEu5nWªirYEoE¨














v `)#W¤¯¨¦veﬃnbw_dfY wxYixwxkﬃ`bhUWYEXﬀYE`5i{¦ nW`WYﬀeﬃwxX nbdcY"«
nW`WY°klnixwrYC¬Reﬃ`~bwreC~e5o¥Y"{¦ ac`5irwxe{nWafwrYﬀdmk`belirafeﬃ`{Y
')/Z*/&7
























































jeﬃnbo_{^®`Wafoxoreﬃ`bo	X°kﬃac`5irYE`bkl`5ijnb`WY `WeCnW©ﬃYEdcdfYeC~^Ewxklirafeﬃ`JtWaf`bklafwrY  {Wkﬃ`bo) u5nWa3wxY`b{JdfYheﬃX"~Wdf^X"Y`5ijwxYdmk,ixa H{WY {YnW§
eCwrXnWdcYDo¨








































































































































































































































































































































01 ﬁs32)¶ ﬁ4$_kl`bodmk(dfeﬃgCafu5nWY~bwreC~e5o¥acirafeﬃ`W`bYdfdcY 7 af`5irwxes{WnWa ixY~3¨s¤¯¬8dfk





















































dfYEo"gCwxkﬃ~WUWYEoheC`bhYE~irnWYEdfo¡W ¢ 5ZrYK¬dmk T &e;§ =T3YEwrX"af`WeﬃdfeﬃgCafhEkld &e;§b¤ ~eCnWw"dcYDodfeﬃgCafu5nWYDo{WYJ{WYEoxhwxac~ixaceC`bW jkﬃ~b" ãY¾¬dcYDo































































































































































































































































































































©,kldfYnbwDW vAwxYE/ ãYK¬¦amoxo¥nWY"{¦ nW`WY"tbkCo¥Y"{Y"{eﬃ`W`b^YﬀwrYEdfklirafeﬃ`W`WYEdcdfYﬀ~bklw_Y§YX"~WdfY Mh¨po¥eCnboJIÇorYEh¯ixaceC`¨ Zﬃ¤¨+5}`WYirwxeﬃamo¥afVX"Yﬀ©ﬃeCacY





dK ¡j¢&£ W \ ﬃﬃtHY/Mh¯¨oreﬃnbo#IÇo¥YDh¯irafeﬃ`>W¨ 5¤¯¨5v)eCnWwhUbkﬃhnW`WY{WYhYDoH©CeﬃafYEoE¬ﬃ`WeCnbo%XﬀeC`5irwxeﬃ`bo%{Wkl`bo%dmko¥nba ixY_heﬃX"X"Y`5i&orYora ixnWY
dK ¡j¢&zYi}dfk"heﬃ`5irwxactbnirafeﬃ`Ju5np YEdcdfY-kl~W~8eﬃwrirYC¨
¨© CQ°H® ¯Z­B²#³a¯WVZ®p¶ﬀ Pﬂﬁ|±8-Q °H®e« ® ­3V.8|©e®e« ³a« Vd«®
zH¨¦¢%Ubkﬃnb{wxeﬃ` Yi ¨ß klafdcdfY ~bwreC~e5o¥YE`CinW`WYﬀY§sirYE`bo¥afeﬃ` {Y dK ¡j¢&£ «(dfk(dceCgﬃamu5nWY{n ŁYEwjeﬃw{wxY>W ¢ ﬃ%Y¾¨R­A` Mkﬃa iD¬Racdmo
wxYX"~WdmkﬃhY`5i/dcYDo)kli¥ixwraftWnio/~bklw/{YDo)irYEwrX"YEo{nJŁEYweﬃw{wxY&k;©CYEhA©,kﬃwramkltWdfYEo)Y§samo¥irY`5ixacYEdcdfYX"Y`5iAu5nbkl`5ixa ®b^EYEoÅixYwxX"YEovAwxeﬃdfeﬃgs¤¯¨






dfYEoixwxkﬃa io/heCXﬀXnW`boA{WY}{Yn§"hnWt8YEoE¬lYiAnW`WY	eﬃ~8^wk,ixaceC`ﬀ{p af`®bXnWX 
(
~eCnWw/wx^nW`WafwAdfYEo/hEklwkﬃh¯ix^wxafo¥iramu5nWYEo{Y}{WYn§"hnWt8YEoE¨
¡©,kl`5i{Y {Weﬃ`W`WYEwjdfYnWwjY§~WwxYEoxo¥afeﬃ`Jdfa irir^wkldfYﬃ¬eﬃ` {eCa i_ac`5irwxe{nWafwrY-dmk"`Weﬃirafeﬃ` {Y>
99ﬂﬃ'<F	EOE+"{WYEo}hnWtYDou5nWa~YEwrX"Yi{Y
ornW~W~WwxafXﬀYEw hYEw¥iklaf`WYEowrYD{eﬃ`b{bkl`bhYEoYiﬀ{Y`WeCwrX°kldfamo¥YEw-dcYDohnWt8YEo dceCgﬃamu5nWYEoE¨p£WeCwrX"YdfdfYX"Y`5iE¬eﬃ`·{aciu5np nW`hnWt8Yﬃ YEo¥i

)ﬂﬃ'<F"o acdY§amoixY nW`WYﬀo¥nbtboixa ixnirafeﬃ`! °irYEdcdfYu5nWY"ﬃ# $%ﬃﬀ¨
·























































































































¢%Ubkln{wreC`·Yi1 klafdcdfYﬃ¬)dK ¡j¢&£ k ^ir^(^irYE`b{nWY~eCnWw nW`bY(dfeﬃgﬃamu5nWY~bkﬃw¥ixafhnWdfacVEwrY=hYEdcdfY({YDohnWtYDo
dfeﬃgCafu5nWYDox¤¨5¢%YirirYjY§sirY`o¥afeﬃ`"YEo¥iHX"elixac©C^Y	~bkﬃwHnW`°t8YEoreﬃaf`{¦ Y§~WwxYEoxo¥af©sa ix^	~eCnWwH{YDoHkﬃ~W~WdfafhEk,irafeﬃ`o/Y`kﬃ`bkldfqo¥Y}{Y{eﬃ`W`b^YEoE¨
¡jnbororaK¬eC`~YEni MkChafdcYEX"Y`5iafX°klgﬃaf`WYEwu5nWY~8eﬃnWw"{¦ klnixwrYDo kﬃ~W~WdfafhEk,irafeﬃ`o¬){Wkl`bo dcY
{eﬃX°kﬃac`WY{Y(dK kﬃ`bkldfqo¥Y{Y{eC`W`W^EYEo
0





















eCn`Weﬃ`3¬Heﬃ` wxYEoxorY`5irY dfY t8YEoreﬃaf`{¦ ^irYE`b{wxYdK ¡j¢&£©CYwo{¦ klnixwrYDodfeﬃgﬃamu5nWYEoE¨HzH YE`W`snWajYDoiJuCnbY ~eCnWwJhUbkﬃu5nWY dfeﬃgCafu5nWY
~bkﬃw¥ixafhnWdfacVEwrYC¬EafdﬃMkﬃniwrY	I¾{^®b`WafwdK ¡j¢&£Yi)wxYIÇ{^EXﬀeC`5irwxYw3orYEowr^Do¥nbd ik,ixo3eﬃ`{WklX"Y`5ikln§¦¨;zA ac`5ir^Ewrªi){Y&dK kﬃ`bkldfqo¥YH{WY%heC`bhYE~i




¨<§ /8P­ﬀ°H®  ® ¯°{¶#³.´a²76ﬀ8Z® Vd±S¯P­ ¶ ﬀ Pﬂﬁ
R¨8vAwxYE{afgﬃYEw}~Wwx^EorY`5irY{Yn§JX"^ixUWe{YEo~eCnWwjeCtirYE`WafwjnW`heﬃ`5irY§sirY-eCwrX"Yd)hdmkﬃoxo¥amu5nWY«°~bkﬃw¥ixacw_{Y heﬃ`5irY§5ixYEojX nWdcira¢I
©,kldfnW^Do¡W vAwxYE/ ãY¾¨&¢%YEoﬀX"^ixUWe{YEooreﬃ`5i"X"eliraf©ﬃ^EYEo"~bkﬃw"dcY
Mklaci(u5nWYJdcYDo°heC`CixY§sirYDoﬀX nWdcira¢IK©,kﬃdcnW^Do YE` Mkﬃa iD¬A{YEo"wxYdmk,ixaceC`bo
eCtyYiI¾kli¥irwxaftWni#I¾©,kldfYnWw¯¤oreﬃ`5i}wx^Eu5nWYX"X"Y`5ijYEX"~Wdce,qC^Eo	~8eﬃnbwjwxY~Wwx^EorY`5irYEw}{YEo~WwxeﬃtWdfVX"YDo}{n X"eﬃ`b{WY wx^Yd%Y§¦¨R{Wkl`o	dcYDo




9R4iR4	 0µ 7 ﬁ5¶=¶ ﬁs"µﬃ²µﬁ 2³D ﬁs¶M¶ ﬁs ﬁ5³ DE³ ﬁs ﬁR³"¶M²?
	¦ ﬁ
z3YEo}^DhUWYdfdfYEojheﬃ`bhY~ixnWYdfdfYEo 9')')T*<ﬂﬃ	')¢D¤}oreﬃ`5i{WYEo_heﬃ`5ixY§sirYDoeﬃwxX"Ydmoj{eC`Ci_dcYDo}eCtyYiooreﬃ`5i{YDo}©,kldfYnbwxojYi
dfYEo"k,irirwxactbnixo"oreﬃ`5iﬀ{YDo"k,i¥ixwraftWnio"{¦ ^DhUWYdfdfYﬃ¨A¢%YEo"heC`CixY§sirYDo af`b{nbaforY`5i°{YEo irwxYafdcdfamoﬀ{WY
heﬃ`bhY~iou5nWa	{^®b`WamororY`5i"nW`WY


















  ¯¨z3Y(heC`5irY§sixYX"eﬃ`WeﬀIK©,kldfnW^YDoi"kldfeﬃwo-eﬃtWirY`sn « ~bklwrirafw{n heﬃ`5ixY§sirYXnWdcira¢IK©,kldfnW^C¬YE`·eﬃ`bhirafeﬃ`{YDo ^DhUWYdfdfYEo
heﬃ`bhY~ixnWYdfdcYDo{YhUbkCu5nWY°k,i¥ixwraftWniD¨3zA Y`o¥YEX tWdfY{¦ eﬃtyYiYEo¥i heﬃ`o¥YEwr©C^ﬃ¬Rd= Y`o¥YEX tWdfY{¦ k,i¥ixwraftWnio-YEo¥idK nW`baceC`{WafoMyeﬃaf`5irY
{YDokli¥ixwraftWnioﬀ{p ^DhUWYdfdcY







X"eﬃ`beI¾©;kﬃdcnb^°YEo¥i{^wxaf©ﬃ^{n heﬃ`5irY§sirY°X nbd ixaI¾©,kldfnW^(« ~bkﬃw¥ixacw{¦ nb`WYixYwxXﬀaf`WeCdceCgﬃafYﬃ¨pzA Y`o¥YEX tWdfY({¦ eﬃtyYixo YEo¥iheC`bo¥YEwr©C^ﬃ¬
dK YE`borYX tbdcY{¦ k,irirwxactbnixo	YDoi}dK Y`borYXtWdcY-{YDo	`WeCX"o	{WYEo	~Wwx^E{WafhEk,ixo	{WY-dfkirYEwrX"af`WeﬃdfeﬃgCacY_Yi}nb` eﬃtyYiYDoi}YE`JwrYEdfklirafeﬃ`Jk;©ﬃYEh
nW` `WeﬃX oradfYEo©,kldfYnWwo_{YorYEo_k,irirwxactWnWixo_o¥eC`CiirYEdfou5nWY dfY ~bwr^D{afhEk,ikﬃoxo¥ehaf^ kﬃn `WeﬃX YDoiorkliramoMkﬃa iD¨v/klw_Y§YEXﬀ~bdcYC¬8oradfk


























































_kl`bodfYEo{YnW§-hEkﬃoE¬Eafds~YEniqk;©ﬃeﬃafwp~8YwrirY{¦ ac`eCwrX°klirafeﬃ`p¨D­A` Y ﬂ8YiE¬,{Wkﬃ`bo3dfY&~WwrYEX"acYEw)hEkﬃopdfYEo)©,kldfYnbwxoo¥eC`Ci)wrYEX"~WdfkCh^EYEo
~bkﬃw	{YEok,irirwxactbnixo{¦ ^EhUWYEdcdfYﬃ¬hYu5nWa¦heﬃwxwrYDo¥~8eﬃ`b{Y`u5nWYEdfu5nWYoreﬃwrirY« nW`bY_kﬃtboixwxkCh¯ixaceC`({YEo{eC`W`W^EYEoE¬5Yi}{Wkl`bo%dfYorYEheﬃ`b{
hEkﬃo&eﬃ`Jo af`Cix^wxYEoxo¥YorYnWdfYX"Y`5i}«dfk"oxk,iramo¥Mkﬃh¯ixaceC`(eCn(`WeC`~bkﬃwdcYDoeﬃtyYixo{Y-u5nWYdmu5nWYEo~Wwx^E{WafhEk,ixoE¨sveﬃnWw	{YDo	kl~W~Wdfamhk,ixaceC`bo




~8Y`boxkltbdcY {WY heC`bo¥YEwr©CYw&ireCnirYDo}dfYEo	af`eCwrX°k,ixaceC`bo}{n heﬃ`5irY§sirY-af`Wa ixafkﬃd=¨8jY ~Wdcno¬dcYDo}o¥qo¥irVEXﬀYDo}{¦ ac`WeﬃwxX"klirafeﬃ` klX"VE`WY`5i
{¦ klnWirwxYEo"heC`Cixwxkﬃac`5ixYEo"u5nWa	`WYJ~YEwrX"Yi¥irYE`5i"~kﬃo"{¦ YX"~Wdfe,qﬃYw"dfYEoﬀX"^ixUWe{YEo"~Wwx^EorY`5ix^YEo"haIÇ{YEoxornbo¨­A`¸~bkﬃw¥ixafhnWdcafYwD¬dcYDo
X"amo¥YDoJIÇ«IfyeﬃnWw&YidfYEoheC`bo¥nbd ik,irafeﬃ`o&oreﬃ`5iY`5irwxYdmkﬃh^YDo¬5hY-u5nWaRwrYE`b{dK nWirafdcamorklirafeﬃ`J{¦ nW`WYirYwxX"ac`beﬃdfeﬃgﬃafY=klnJo¥YE`bo{Y_d= k,ynbo#I
ixYX"Y`5i°dceCgﬃamu5nWYD¤afXﬀ~bwxkliramhkltbdcY






wxYEu5nWªirYEo_{¦ nW`dmkl`bgCklgCY~Wwxeﬃ~8eCora ixaceC`W`WYEdXnWd ixaI¾©,kldfnW^={Yﬀiqs~Y1	_z¤«nW` dfkﬃ`WgCkﬃgﬃY {WYﬀheﬃ`,yeC`bh¯ixaceC`bo{WY~Wwxeﬃ~8eCoracirafeﬃ`bo
X"eﬃ`beI¾©;kﬃdcnb^YEo={Yiqs~Y¡jd ik;©5amo¥ixkC¤¬Wu5nWapYEo¥i	X"eﬃaf`bo	Y§~WwxYEoxora ¨
£)af`bkldfYX"Y`5iD¬`WeCnbo}YDoixacX"eC`bou5nWYo¥a)tYDklnbheﬃnW~ {WY ~WwxeﬃtWdfVX"YDoj{n X"eC`b{Y wx^YEdoreﬃ`5iwxY~bwr^Do¥YE`Cix^Eo	~klw{WYEo}wxYdmk,ixaceC`bo
eCtyYiI¾kli¥irwxaftWni#I¾©,kldfYnWwD¬hl YEo¥iJu5nWYhYEdf« heﬃwxwxYEor~eC`b{«nb`@t8YEoreﬃaf`@{¦ Y§~WwxYEoxorac©sacir^YiJu5np afd_YDoi {eC`bh oreﬃnbUbklacixkﬃtWdcY{Y




















jeﬃnbo ~WwreC~e5o¥eC`bo-{eC`bh°{Y({^®b`WafwnW`WY(dceCgﬃamuCnbY°wr^EnW`Wamoroxkl`5iireCnbo hYEo-^Edc^EXﬀYE`5ixo{¦ Y§~WwxYEoxorac©sacir^°Yiﬀ{YX"eﬃ`5irwxYwu5nWY(dfk
dfeﬃgCafu5nWY-klaf`borapheC`boixwrnba ixY_YDoi}nWirafdcamorkﬃtWdfY{bkl`bodfYhkC{wrY-{^®b`Wa¦~bkﬃw	d= ¡j¢&zA¨
9R4iR4i  ¿ ﬁ ¶M².	¦ ﬁ,2 ,² 2%²³M²R ﬁs¶M¶ ﬁ
¶M³&Å´ W¶M) ﬁ 2%² (¶ 
 #
·
`(orY{eﬃ`W`bYnW`Y`borYXtWdfY{¦ k,irirwxactWnWixo?°¬snW`(YE`borYX tbdcY{Y_©;kﬃdcYEnWwo¬5nb`(Y`o¥YEX tWdfY_{WYjwxYdmk,irafeﬃ`o
	 ornWw¸YinW`WY
ixYwxXﬀaf`WeCdceCgﬃafY  ` :R= ﬃA_eﬀC YEo¥i-nW`Y`borYXtWdcY°{Yﬀ`WeCX"oYikCororehafYﬀ«
hUbkﬃhnW` {WY"hYEo`WeCX°onb`WYﬀeﬃwxX nWdfY°{Y"dfk





` qD`  q>sR?&= >s
























<v` q1`  oxo¥a <.:qHAa` 
<v` q  oxo¥a : <.:qBA= HAys











































Çdp`bYwrYDoixY~Wdcno}u5np «"X"eC`CixwrYEw}heCXﬀX"YE`Cijheﬃ`bo¥irwxnWafwrYnW` heﬃ`5irY§sirY_eﬃwxX"Yd3«"~bkﬃw¥ixacw}{p nW`bYwrYEdfklirafeﬃ`
eﬃtyYi#IÇk,irirwxactWnWi#I
©,kldfYnbwE¨ 5j`WY_irYdfdfY-wrYEdfklirafeﬃ`kCororehafY_«ﬀhUbkCuCnbYeCtyYi}{¦ nW`JY`borYXtWdfY; Yij«hUkﬃu5nWYk,i¥ixwraftWnij{WY_dK Y`borYXtWdcY]?kln
~Wdfnbo


















YE`CixwrY(dcYDoheC`bhYE~ixo YEo¥i ~Wdfnbo-®b`bYYihYn§BIÇhaHoreﬃ`5iYE`heﬃ`o¥^DuCnbY`bhY°~Wdcno`WeCX tWwxYn§¦¨  klamoo¥a%d= eﬃ`heﬃ`boram{VwxY°heﬃX"X"Y
kﬃ~W~WdfafhEk,irafeﬃ`o-dcYDo-o¥qo¥irVEXﬀYDo{¦ ac`WeﬃwxX"klirafeﬃ`p¬hYdm«
`p YEo¥i `snWdcdfYX"YE`CigCª`bkﬃ`5i-{bkl`bo-dmkJX"YEornWwxYﬀeCdcY"ixwrYEacdfdcamo{Yheﬃ`hY~Wixo




af`5ir^wxªi{¦ ^irn{acYEwjdmkUWaf^wklwhUWafY-heﬃ`hY~WirnWYEdcdfY{¦ nW` YE`borYX tbdcY {WY ~Wwx^E{amhklixoE¨W­A`MklaciE¬hYirirYeC`bh¯ixaceC`W`bkﬃdcacir^~YEni_kﬃnborora
ªirwxYeﬃtixY`snWY{Wkﬃ`bodK ¡j¢&z gﬃw)ﬃhY"« dfkJdfeﬃgCafu5nWYheﬃ`5irY§5ixnbkldfamo¥^EY Mh¯¨)o¥YDh¯ixaceC`C¤¯¨­A`·YﬂRYiD¬afd%orn"i{Y{^ixYwxXﬀaf`WYEwdcYDo
wxYdmk,ixaceC`boA{Yj{W^E{nbhirafeﬃ`bo&heC`5irY§sixnbkldfafor^YDoY`5irwxYjhYEoA~bwr^D{afhEk,io*)l¬ﬃ~WnWamo&{Y	irwkﬃhYwAdfYj{amklgCwxkﬃX"XﬀY	{Y0jkCororY}{Y}dmk-wxYdmk,irafeﬃ`
{¦ eﬃw{wxYeﬃtixY`snWY~eCnWw	eﬃtWirY`bacw	dmk"UWaf^wklwhUWacY_heC`bhYE~irnWYEdcdfY{Y-hYDo	~Wwx^E{amhklixoMkﬃn o¥YE`bo	{Y&W vAwrYD" ãY¤¯¨
¨ !³.´a²ﬂ6(8Z®JS,³¯a°H®+Q°8d®V¶#¶J®,+ ±°B°B«7²  8d°­
_kl`boAdcYjhEkﬃ{wxY}{Y}dK ¡j¢&£%¬% _¨5\kl`5ixYwAYi%|-¨  afdfdcYj{W^®b`Wamoxo¥YE`Ci%nW`WYjz3eﬃgﬃamu5nWYj¢%eﬃ`5irY§sirnWYEdcdfYj«-¡&i¥ixwraftWnioj=z)¢&¡¤Hu5nWak
dmk ~bwreC~Wwraf^ix^j{Y{^~8Y`{wrY_{¦ nW`heﬃ`5irY§5ixY}eCwrX"YdW \ ﬃﬃtBYK¨b¢%YirirY_dceCgﬃamu5nWYjdfYnWw&~8YwxXﬀYi{p Y§5ixwxkﬃacwxYj{YDo%heﬃ`W`klamoroxkl`bhYEo
{nJheC`5irY§sixYjY`
hUWYwhUbkﬃ`CihYEw¥iklaf`WYEoHeﬃwxX nWdfYEo%©,kldfaf{WYEoe^sdfYEoor^Eu5nWY`5io=hdmklnborYEo{amoyeC`bh¯ixac©CYEo&heCXﬀ~bdcVirYEo¤¯¨ Çd¦oE kﬃgﬃaci{¦ nW`























heﬃ`5irY§5ixYﬃ¬Yi"YdfdfYYDoi"{eﬃ`bhnW`WYJheC`bor^Eu5nWY`hY{WYdK ¡j¢&z  3ikl`b{amo"u5nWYdmkz¢&¡ YDoi"nW`¸{^©CYdfeﬃ~W~8YX"Y`5iM>*)T	
0
0






dmk(dfeﬃgCafu5nWYﬀ~Wwxeﬃ~8eCora ixaceC`W`WYdfdfY 7 Mac`5ixwre{nWacirY°{Wkﬃ`bodK Y§sYEX"~WdcYC¬¦~p¨ß5¤jYi~klwwrYDoixwramh¯ixaceC`{YDo-{YEoxhwxac~Wirafeﬃ`bo{YDoeﬃtyYixo
kﬃn§hdmklno¥YDo	heﬃ`lyeﬃ`bhiraf©ﬃYEo	heﬃX"~WdfVixYEoE¨
_kl`bodmk dfeﬃgﬃamu5nWY~Wwxeﬃ~8eCoracirafeﬃ`W`WYEdcdfY 7¬)dfYEo~WwreC~e5o¥acirafeﬃ`o k,ixeﬃX"amuCnbYEo heﬃwxwrYDo¥~8eﬃ`{Y`5ikﬃn§k,i¥ixwraftWnio{WY
\kl`5ixYwﬀYi

























\kﬃ`CixYw%Yi  acdfdcYoE af`5ir^wxYEoxorY`5i%« hYwrixkﬃac`WYDoH~bwreC~e5o¥acirafeﬃ`bodfYEo&o¥^Du5nWY`5ixo¤Au5nWaRoreﬃ`5i ¥Y§sirYE`boraceC`W`WYdfdfYX"Y`5i&heﬃX"~WdfVixYEo
















































































A&hkﬃw	{Wkl`bohY_hEkﬃoE¬5dK Y`borYXtWdcY-{YDo&eﬃtyYixod; YEo¥i	d= Y`borYXtWdfY_{YDoac`5ixYwx~Wwr^ixklirafeﬃ`bo
~8eCoxo¥aftWdfYEo&Yi}~8eﬃnbw%ixeﬃnid\~s
in

















`Weﬃnbo"`bY©CeﬃnWdfeﬃ`boﬀ~bkCo"{^®b`bacw"nW` o¥qo¥irVEXﬀY {¦ af`eﬃwxX°k,irafeﬃ`
~bkﬃw¥ixafhnWdfacYEwE¬lX°kﬃafo/~bdcni	liHnb`orhUW^EX°kgC^`W^EwxkﬃdWu5nWab~Wnbafoxo¥Y	ªirwxY}af`boikl`bhac^	YE`ﬀeﬃ`bhirafeﬃ`{YDoAkl~W~bdcamhklirafeﬃ`boE¬l~bkﬃw/nW`WY}dfeﬃgCafu5nWY
kﬃ~W~Wwxeﬃ~Wwxac^EYﬃ¨A¢ YDoi"~8eﬃnWwu5nWeﬃa&`Weﬃno ~bkﬃwrdfeﬃ`o{YJorqso¥irVEX"YEoﬀ{¦ af`eCwrX°k,ixaceC`dfeﬃgﬃamu5nWYEo
z¤¯¨/_kl`boﬀdmk oreﬃnoJIÇo¥YDh¯ixaceC`W¨fŁﬃ¬
`WeCnbo%XﬀeC`5irwxeﬃ`bo/dK ac`5ir^Ewrªi&u5np kl~W~8eﬃwrirYjd= ¡j¢ ~bklw%wxkﬃ~W~8eﬃwri%« {¦ klnWirwxYEoAX"^irUWe{YDoH~8eﬃnWw%d= eﬃwxgCkﬃ`Wamorklirafeﬃ`"Yi&dfk-wx^EhnW~8^wk,irafeﬃ`
{¦ af`eﬃwxX°k,irafeﬃ`oe^heﬃXtWaf`WYwﬀac`5ixYwxwreCgCk,ixaceC`·Yi"`bk;©sacg5k,ixaceC`p¨3vAnbafoﬀ`WeCnboﬀ~Wwr^Do¥YE`5ireﬃ`o « dfk o¥eCnboJIÇorYEh¯ixaceC` W¨ Z nb` ~WwxYX"afYw
~Wwxelixeliqs~8Y&{Yd zJu5nWaWoreﬃnixacYE`5i)dmkMklamorkﬃtWacdfacir^{Y`WelixwrY&~WwxelyYiYiAu5nWaWk~YEwrX"amo/{¦ YﬂRYEh¯ixnWYwAu5nWYEdfu5nWYDo)Y§~^EwrafX"Y`5ixklirafeﬃ`boE¨

¨© }¯°B® ««³.´.±°²J³¯ ®ß°X¯d± d²J´a±V°²#³a¯
zkwx^EhnW~^Ewxklirafeﬃ` {p af`eﬃwxX°k,ixaceC`boﬀY`WgCdceCtY
dfk wxY~Wwx^EorY`5ixklirafeﬃ`p¬)dfY







, r {bkl`bo nW`WY(o¥irwxnbh¯ixnWwxY(heC`boixwrnba ixY°Yi X°klaf`5irYE`5nbYX°kl`snWYdfdfYX"Y`5iE¨/¢%YirirY(o¥irwxnbh¯ixnWwxYYEo¥i dfY~Wdfnbo oreﬃnW©CY`5inW`
kﬃwrtWwxY"Y§¦¨orqso¥irVEX"Y{WY®8hUWacYEwxo¤¯¬sX°klamo&~YEni}klnboxora8ªirwxYnW`gCwxkﬃ~WUWYﬀY§¦¨dfacYE`bo&Usq5~8YwxX"^E{amkﬃo&YE`CixwrY_dfYEo~bkﬃgﬃYEo Yt¤¨ 5}`







{¦ kﬃhEhVDo_«JhUbkCu5nWY eCtyYiD¬phY°u5nWa/acX"~WdfamuCnbY"{WYﬀwxYEor~8YEh¯ixYw_nW`eﬃw{wrYﬀtWafY`~Wwx^Ehamo{Wkl`odmkJo¥~8^Eha ®8hk,ixaceC` {YDohwxa ixVwxYEo{Y





ixwreCnW©ﬃY"o¥eCnW©ﬃYE`5i_{Wkﬃ`bo_dcYDo_orYwx©ﬃYEnWwo{¦ af`eﬃwxX°k,irafeﬃ`o}ixYdmo-uCnbYdfYEo_X"elixYnWwo{YwxYEhUbYwhUWYornWwdcY Yt Y§¦¨p¡jd ik jamo¥ixkC¤¨
_kl`bo"hYX"e{VdfYﬃ¬/dfYEowxYEhUWYEwxhUWYDo oE Y ﬂ8YDh¯ixnWY`5i°Y` ~e5orkﬃ`Ci°{YDo6
99ﬁ	ﬂ	+¯¬YE` gﬃ^E`W^wkld&Y§~WwxafXﬀ^EYEoﬀ{Wkl`onb`WY(eCwrX"YJ{Y
dfeﬃgCafu5nWY_~Wwxeﬃ~8eCora ixaceC`W`WYdfdfYﬃ¨5}`WY-{aﬃhnWdcir^-wxYEheﬃ`W`snWY{Y-hY_X"e{VdfYYEo¥idmkﬀ`W^EhYEoxo¥acir^{YtWafY`JheC`W`bk 2mirwxY_dfkirYEwrX"af`WeﬃdfeﬃgCacY






¡jdceCwxoE¬u5nWYEd3X"e{Y{YwrYDhUWYwhUWY_MklnWi#I¾acd)~Wwxac©safdc^EgﬃafYw ^bdfk°`k;©5afgCklirafeﬃ`Jeﬃn dK ac`5irYEwrwxeﬃg5k,ixaceC`-­A` MklaciE¬RhYdmk{^E~YE`b{ {YDo
ora ixnbk,ixaceC`bo_Yi-eﬃ`~YEniX"ªX"Yﬀk;©Ceﬃafwjt8YEoreﬃaf` {YDo{Yn§heﬃ`,yeCac`5ixYX"Y`5iE¨Rv/klwY§sYEX"~WdcYC¬Reﬃ`~8YnWi-oreﬃnbUbklacirYEw_heﬃX"X"Y`bhYw
























0j¡j¢ *0jacYEwxkﬃwxhUsq¡j`b{ ¢%eC`CixY`5iE¬W \ ﬃ%Y¤wxY~WwxY`b{dK af{^EY({YwxYEu5nWªirYDo-~eCnWwhwr^EYw {WYEo-wx^~8YwrireCacwxYEo-tkﬃor^EoornWw
dcYheﬃ`5ixY`sn {YEo}®hUWafYwo¬WX°kﬃafohYEojwr^E~YEw¥ixeﬃafwrYDo	o¥eC`5ijafha3af`5ir^gCwr^Do	{Wkl`o}dmk°UWaf^wklwhUWacYC¨¢%Ydmk°~8YwxXﬀYi{Y heﬃXtWac`bYw
dfkJUbac^EwxkﬃwxhUWafYﬀYi dfYheC`CixY`sn·{Wkl`odcYDo-wrYDhUWYwhUWYDo¨pzH eCtyYEhirac&YDoi {Yheﬃ`o¥YEwr©CYwireﬃnWirYEo dcYDoeﬃ`h¯irafeﬃ`b`bkldfa ix^Eo-{YDo
£bo%Y§amoikl`5ixoE¨C¡jac`o¥aK¬sdcYDoHwxYEu5nWªirYEoH`WYoreﬃ`5iuCn3 nW`bYklam{Y~eCnWwHeCwrg5kl`Wamo¥YEwAdfYEoH®hUWafYwo¨5zA nirafdcamoxk,irYEnWwkireCn,yeﬃnWwo%dfk
~e5ororaftWacdfacir^ {Y{W^~WdmkﬃhYw}nW`J®8hUWacYEwj{Wkﬃ`bo	nW` wx^~8YwrireCacwxYﬃ¬WX"ªEXﬀYo acd3`WY oxk,iramo¥Mklacij~bkﬃo}dfk"wxYEu5nWªirYkﬃoxoreshac^EYﬃ¬bhYu5nWa
~e5o¥YnW`J~WwxeﬃtbdcVEXﬀY-{YheﬃUW^EwrYE`bhYC¨
¢%YDoﬀorqoixVX"YEoﬀUsqstWwxaf{YDo ~bwr^Do¥YE`CixY`5i"dcYJ{^Eoxk;©,kl`5ixkﬃgﬃY({WYX°kl`uCnbYw°{YJheﬃUb^wxY`bhYﬃ¨)­A` Y ﬂ8YiE¬/afdfoﬀeC`Ci°{YEn§X"es{WYEo"{Y
wxYEhUWYEwxhUbY-ac`bheﬃX"~WdfVixYX"Y`5i_heﬃwxwr^Edc^Do¬hY u5nWa)wrYE`b{ {aﬃhafdcYdfk(heﬃX"Xnixklirafeﬃ` {¦ nW` X"e{Y«d= klnixwrY Yidmk(heﬃXtWac`klamo¥eC`
{YDo}{YEn§{Wkﬃ`bonW`WY-X"ªX"Y-wxYEhUWYEwxhUbYﬃ¨





oreﬃ`5i}heC`bo¥am{^Ewr^Do&heﬃX"X"Y-{YEowxYEu5nWªirYEoMac`5irYE`5irafeﬃ` {nJheﬃ`hY~Wi¤&Yi	dmk"o¥^EdcYDh¯irafeﬃ`J{¦ nW` heC`bhYE~i}o¥Y_Mklaci	~bklw}or~8^Ehac®hEk,irafeﬃ`
{afwxYEh¯ixY{¦ nW`WY"~Wwxeﬃ~Wwxac^ir^C¨¢%eﬃX"X"YﬀdfYEo-heﬃ`bhY~io&yeﬃnWYE`5i «dmkeﬃamodcY°w	ﬃdfY"{Yhdmkﬃoxo¥YﬀYi {WY°wrYDuCnbªirYC¬¦acdHYEo¥i~8eCoxoractWdfY°{Y
heﬃX tbac`WYEwHdfactbwrYEXﬀYE`5i%dfYEo&{Yn§°X"e{YEo&{YwrYDhUWYwhUWYﬃ¨ 5}`kﬃnirwxYjk;©,kl`5iklgﬃY	YDoiu5nWYjdfY}ixwrYEacdfdcamoH{WY_heﬃ`bhY~ioAYEo¥i&kﬃnireCX°k,ira¢I
u5nWYEXﬀYE`5i	heﬃ`bo¥irwxnbhiraftWdcY«~bklwrirafw&{Wn
heﬃ`5irY§5ixYﬃ¨ ÇdR`p YEo¥i	{Weﬃ`bh~bkﬃo&t8YEoreﬃaf`{Y_X°klaf`5irY`kl`bhYX°kl`snWYEdcdfY{Yd= eﬃwxgCkﬃ`Wafoxk,ixaceC`
{no¥qo¥irVEXﬀYﬀ{¦ ac`eCwrX°klirafeﬃ`p¨8v/klwklafdcdfYnWwoE¬hY"heC`5irY§sixY ~8YniªixwrYgﬃ^`b^wx^~bklw{YDojX"^ixUWe{YEo{¦ af`b{Y§Wklirafeﬃ` ixwxkC{a ixaceC`HI
`WYEdcdfYEoE¨zpYjirwxYafdcdfafo&{Y_heﬃ`hY~Wixo&kl~W~bkﬃwxk 2fi&{eﬃ`bhheCXﬀX"YnW`WYkldcirYwx`bkliraf©ﬃY}af`5ir^wxYEoxoxkl`5irYjkﬃn§°X"^irUbes{WYEo&heﬃ`s©CY`5irafeﬃ`W`bYdfdcYDo¬
~8eﬃnWwjdfkﬀwx^Ehnb~^Ewxklirafeﬃ`{p af`eﬃwxX°k,ixaceC`bo¨
5j`WY&heﬃX"~bkﬃwxkﬃaforeﬃ`Y§~8^wxacX"YE`CikldfY%{YDopixwreCafoX"^ixUWe{YEo)^©CeuCnb^YEoha¢I¾{WYEoxo¥nbowxYirafY`5i)dcYDo)hwxa ixVwxYEoo¥nWaf©,kl`5iW \ ¡ﬃ%Y}^




ﬁ-irYEXﬀ~o-X"afo-~klwd= nixacdfafoxk,ixYnWw ~eCnWwkﬃhEheﬃX"~Wdfafw_nb`WY°wrYDhUWYwhUWY  Rhl YEo¥inW`WY"t8eﬃ`W`bY°XﬀYDo¥nbwrY
{Y-dK Y ﬂ8eCw¥ieﬃnbwr`WaK¬Worapeﬃ`JheC`bo¥am{VEwrY_dcYDoirYEX"~bo}{Ywx^~8eﬃ`borY-{n o¥qo¥irVX"Y-heCX"XﬀY`WeC` {^ixYwxXﬀaf`bkﬃ`Cio¬
¶ E2 ,5µ/MM²(_~Wwxeﬃ~8eﬃwrirafeﬃ`
{Y-wr^E~eC`borYEo&~YEw¥ixac`bY`5irYDo	~bklwxX"a¦dcYDowr^E~eC`borYEo	{eC`W`W^YDo¬
¶ ﬁ   2e2 ﬁs¶~bwreC~eCw¥ixaceC`bo{Y-wr^E~eC`borYEo{eﬃ`b`W^YDo~bklwxX"a¦dcYDo	o¥eCdcnixaceC`bo~8Ywriraf`WY`5irYDo¨
z3YEo	Y§s~8^wxafY`bhYEoeﬃ`5i}^ir^wx^Ekﬃdcamo¥^EYEoW \ ¡jCYornWw}nW`bY-~YiracirYtbkCo¥Y-{Y{eﬃ`W`b^YEo	{WYŁﬃŁDheﬃnWwrirYDo	{YEoxhwxac~Wirafeﬃ`bo}{WY®bdcX°oE¬




wxYEhUWYEwxhUbYﬃ¬ﬃhﬃ YDoiHdfY}X"e{VdfYjt8eseﬃdf^YE`uCnbabeﬃtWirafY`5iHdfYEoAX"YEacdfdcYEnWwoAwx^EornWd ik,io}Mb¬ ﬃ¤¯¬ﬃixkﬃ`b{amoHu5nWY}dfYEoHXﬀe{VEdcYDoAUWaf^wklwhUWamu5nWYEo
YiHheﬃ`hY~WirnWYEdeﬃtixacYE`W`WY`5iA{YDowr^Do¥nWdcixklixo/orYXtWdfkﬃtWdfYEowxYEor~p¨lW¬ ﬃYiHb¬ }ﬃ¤,¨ kﬃafoafdsMklniA`snbkﬃ`bhYEw/hYEowx^EornWdcixklixo/oxkﬃhUbkﬃ`Ci
u5nWY-dfYEo	X"e{VEdcYDo	teseCdc^EY`
Yi}UWaf^wklwhUWamuCnbYEo&eﬃ`5i}^ix^-Y§~8^wxacX"Y`5ix^Eo	ornWwj{YDo	eﬃnixacdmo	heCX"XﬀYEwxhafkﬃn§¦¬WkldfeﬃwouCnbY-dcY-X"e{VdfY
heﬃ`bhY~ixnWYdRk^ir^_Y§~^EwrafX"Y`5ir^_o¥nbw%nW`(~Wwreﬃireﬃiq5~8Y{Weﬃ`5i%dK af`5irYEw¥MkChYk ~e5o¥^_u5nWYdmu5nWYEo%{a hnWd ix^EoklnW§"nWirafdcamorklirYEnWwxoE¨5v)eCnWw








dfYwkl~W~8YdK¬3dfYEo Xﬀe{VEdcYDot8eseﬃdf^Y`YiﬀheC`bhYE~irnbYdH{eC`W`WYE`Ciﬀ{YEo wr^Do¥nWdcixklixoixwrVDo~WwxehUWYEo(wxYEor~p¨3ﬃb¬   Yi  ,b¬  ﬀ¤¯¨)¢%YEdfk
~8Yni"~bkﬃwxk 2fixwrY°ornWwr~bwrYE`bkl`5ioraHeC`heﬃ`o¥am{VwxYu5nWY(dK Y§~WwxYEoxo¥af©sa ix^{nX"e{VdfY(heC`bhYE~irnbYd&YEo¥i dcafX"a ix^kﬃn§heﬃ`,yeC`bh¯ixaceC`bo




kﬃX tWafgﬃnWacir^Do	heC`bhYE~irnWYEdcdfYEo	u5nbkﬃ`5i	«ﬀdK af`5irYE`CixaceC` {YEowx^~8YwrireCacwxYEo&Yi	dfYMklaciju5np afd¦`p qkﬃa i}u5np nW` o¥YEnWdphUWYX"af` {¦ kChhVEokln
{ehnWX"Y`5i_hUWYEwxhUb^ﬃ¨b­H`®b`p¬R~8eﬃnWwdfk(~Wwr^Dhamo¥afeﬃ`3¬WdcYDojY§~^EwrafY`bhYEoj`p eC`5i~bkCo	Mklaci_kﬃ~W~bkﬃwxkﬃa ixwrY{Yﬀ{aﬃﬂ8^EwrYE`bhY orafgﬃ`Wac®hkliraf©ﬃY
YE`CixwrYdfYEoixwreCafo&X"e{VdfYEoE¨
­A`
heC`bhdfnboraceC`p¬5oraRdcYX"es{WVdfYt8eseﬃdf^Y`k dfYEo%X"YafdcdfYnWwo%wr^Do¥nWdcixklixo%~eCnWw&dcYDo&hwxa ixVwxYEoE¬CdK kltborY`bhY{Y_`bk;©safgCk,ixaceC`"~YEni
dfY°wrYE`b{wxYwxYtbnixkﬃ`Ci-~8eﬃnWw dcYDonirafdcamoxk,irYEnWwoeshEhkCo¥afeﬃ`W`bYdmoYi-wrYE`b{ kﬃnboxo¥aA{aﬃhafdcY°dfY°heC`Cixw CdcY"{n©ﬃeCdcnbXﬀY°{YDowr^E~eC`borYEo





YDoi/nW`WY}kﬃd ixYwx`bk,ixac©CYHaf`5ir^wxYEoxoxkl`5irYkln§Xﬀ^irUWe{YDo/heC`5©CY`5irafeﬃ`b`WYdfdcYDo{p eCwrg5kl`Wamorklirafeﬃ`YiA{Ywr^DhnW~8^wk,ixaceC`{¦ ac`WeﬃwxX"klirafeﬃ`boE¨
¢%Yi¥irYﬀkldcirYEwr`bkliraf©ﬃYYDoio¥n °oxklX"X"Y`5io¥^D{nWamorkﬃ`CixY~8eﬃnWwu5nWY `WeCnbodfkhUbeﬃamo¥amororafeﬃ`boheﬃX"X"Y~Wwxaf`bhaf~Y"{¦ eﬃwxgCkﬃ`Wafoxk,ixaceC`
{Y `belirwxYh zH¨HjY ~bdcnboE¬H`beﬃnbo°kChheCwx{Weﬃ`boﬀ~8eﬃnWwdfY X"eﬃX"Y`5i({Wk;©,kﬃ`CiklgCY






¨<§ b¯ ﬀP«³S°H³S°ﬀ]® Vd®  	]¶J®£­
Z® ¶#¶ S,³a¯S,®ﬁﬀd°8d®V¶
zk o¥eCnboJIÇorYEh¯ixaceC` ~bwr^Dh^E{WY`5irYkJX"eﬃ`5ixwr^u5nWYdK ¡j¢ MqheﬃX"~Wwxafo-{bkl`boork
eCwrX"Y°gﬃ^E`W^wkldfamo¥^EY"u5np YEo¥idK ¡j¢&z)¤YEo¥i nW`
X"e,qﬃYE`o¥^D{nWamorkﬃ`5i&{Ywr^DhnW~8^wk,ixaceC`{¦ af`eCwrX°k,ixaceC`boE¬ChkﬃwHYEdcdfY~8YwxX"Yi{YheﬃX tbac`WYEwH^irwxeﬃacirYX"YE`Ci&ac`5ixYwxwreCgCk,ixaceC`"Yi%`k;©5a¢I
g5k,irafeﬃ`°Yi&{¦ klnWireﬃX°kliramo¥YEwHdK eCwrg5kl`Wamorklirafeﬃ`p¨,­H`(©snWY{p ^E©;kﬃdcnbYw%hYjX"e{VdfYj{Y_o¥qo¥irVEXﬀY_{¦ ac`eCwrX°klirafeﬃ`p¬C`Weﬃnbo%k;©ﬃeC`bo/wx^Ekldfamo¥^
nW`bYjX°kﬃu5nWYi¥irYjgﬃ^`b^wxafu5nWYC¬ﬃ{Wkl`oAdfYjo¥YE`boAeC°d= eﬃ`°`bY	Mklaci%klnhnW`WYjU5qs~8elixUWVEorYjornWwHdmkdceCgﬃamu5nWY}YX"~Wdfe,qﬃ^EYX"amoH«-~bkﬃw¥i&hYdfdfYEo
~8eCor^YDo}~bkﬃwjdK ¡j¢&z)¤¯¨3¢%Y oreﬃ`5i_{eC`bh-dfYEo_kl~W~bdcamhklirafeﬃ`boj~bklwriramhnWdfafVwxYEo}{YﬀhYi¥irYX°kﬃu5nWYirirYﬀuCnba){eCac©CY`5i{^®b`Wafwdmk°dfeﬃgCafu5nWY




¬ ¦¬WYihl¨ ¤¯¬bhYuCnba3~8YwxXﬀYij{YdK kﬃ~W~WwxY`b{WwrY_irwxVEo}wxkﬃ~Waf{WYX"Y`5iE¨R¢ YDoij«°hEklnborY-{Y hYi¥ixY-ac`5irYEw¥MkChYu5nWY-`WeCnbo}kﬃ~W~YEdceC`bo
`WeﬃirwxYX"kCu5nWYirirY11	E'),')+*,ﬂﬃ	 ¨
@U4iR4	 +2Hsµ/Tµ ³M²ÁN¾² , ﬁs¶M¶ ﬁ



















dcYh')')+*, " YEo¥i dfYheC`bhYE~i kﬃoxo¥ehac^°« " ~bklw-dmk









Mkﬃa i	dK Y§5ixY`borafeﬃ` {n heC`bhYE~i" Whﬃ YDoijkﬃnboxo¥a¦dK YE`borYX tbdcY-{YDo	eﬃtyYixo	{eC`5i}dfk"{YDorhwraf~irafeﬃ`
orkliramoMkﬃa i")¬
!
d=EﬀFG		Pﬀ "YDoi_d= eﬃtyYiE¬Ro afdY§samo¥irYﬃ¬R{eC`Ci_dfk{YEoxhwxaf~irafeﬃ` YDoi&'9ﬃT8<ﬂﬃE/&7	^Eu5nWaf©,kldfY`5irYﬀ«,"¸afdYEo¥inW`Wamu5nWY
~bklw-heﬃ`s©ﬃYE`CixaceC` ~8eﬃnWw^©sacirYEw_dfYEo-kﬃX tWafgﬃnba ix^Eo{¦ kﬃhhVEo¤  R"
yeﬃnbY"kﬃdceCwxodfYw	ﬃdfYﬀ{WYR0	'	
0 *< '9ﬃT8<ﬂﬃE"~eCnWw









































d= UWamoixeﬃwxafu5nWYC¬)«X"eﬃaf`bou5nWYJhYEdcnbaIÇha&`WYJheﬃ`5ixacYE`W`WYu5np nW` ^df^X"Y`5iE¨A¢%YirirYJheCXﬀX°kﬃ`b{Y(~8YwxX"Yi°{YMklafwrY
{YEo_wxYixeﬃnWwoJIÇklwxwxacVEwrYDo&{bkl`bo_dmk`bk;©safgCk,ixaceC`p¬bYi_wxYX"~WdmkﬃhY dfYﬀ{W^~WdmkﬃhYX"Y`5i©ﬃYwo}dfYﬀwr^E~YEw¥ixeﬃafwrY~VEwrYﬀuCnba)`3 YDoi~Wdfnbo
~e5ororaftWdcYjirYEd8u5nWYEd~Wnbafoxu5nWYjdmk o¥irwxnbh¯ixnWwxY{Y`bk;©sacg5k,irafeﬃ`"YDoi&afha8nb`°irwxYafdcdfamo=hYirirYheCXﬀX°kﬃ`b{Y}YDoi&Y`°Mkﬃa i	kl`bkﬃdceCgﬃnWY




























¡-hUWY ixeﬃni({p kﬃteCwx{¸dK am{Y`5ixa ix^{Y dK eCtyYi
{Y #:("ßA¯¬%oE acd}Y§afo¥irYC¬H~WnWamo°nW`bY dcamo¥irY{YJeCwrXnWdfYEo ={Y ~Wwx^^EwrYE`bhY
o¥afX"~WdfYEo¤¯¬%kﬃ~W~8Ydf^YEohE'	
	/1	ﬃ¯¬Hu5nWaj~8YwxX"Yi¥ixY`5i
































































d= eﬃtyYiﬀ{Y #:("ﬃx ¡A¬oE acd&Y§amoixYﬃ¬)Y` {WnW~Wdfafu5nbkﬃ`CiﬀdcYJheC`5irY`sn·YiﬀYE` Çixwxkﬃ`bordfklixkl`5i oxk {YDorhwraf~ixaceC` {Y
#:("ﬃ%x RAﬀ©ﬃYEwxo :
"










jnb~Wdcamu5nWY"hUbkﬃu5nWY^df^X"Y`5i_{WYdK Y§sirY`o¥afeﬃ`{WY #:("ﬃx ¡AY` {nW~Wdfafu5nbkﬃ`5i_dfYheﬃ`5irYE`5nYiY` irwkl`bordmk,ixkﬃ`5i ork{YEo#I









































j^E~WdmkﬃhY°hUbkCu5nWY^Edc^EX"Y`5i {Y"d= Y§sixY`boraceC`{WY :'"ﬃx RA_Y` Çixwxkﬃ`bo¥dmk,ikl`5i"ork




















hI¾«I¾{¦¨){Y(~8YwxX"YirirwxY(dmk wxYEhUWYEwxhUWY{p eCtyYio ~bkﬃw wk °`WYEXﬀYE`5ixo ornbhEhYEoxora Mo{Y(dmk wxYEu5nWªirY(heﬃnWwkl`5irYa^3nW`af`bhwr^EXﬀYE`5i
 




































¢%YEdfkX"eﬃ`5irwxYJ`Weﬃ` orYnWdfYX"Y`5i°dmk ~8Ywriraf`WYE`bhY {n irwxYafdfdcamo°{Y heC`bhYE~ixo"~8eﬃnbwhklwkﬃhir^Ewramo¥YEw dmk`bk;©sacg5k,irafeﬃ`3¬)X°kﬃafo°kﬃnborora
nW`bYﬀhYwrixklaf`WY`b^EhYDororacir^hEklw_dfk(heﬃ`{a ixaceC`ha¢IÇ{YEoxo¥noj`p YEo¥i~kﬃoY§~WwxacX°kltbdcYﬀ{Wkl`bojdfko¥YEnWdfY dfeﬃgﬃamu5nWY ¨8zk({aﬃhnWdcir^ﬀYEo¥i









u5nWa)wrYDoixwrYEac`5ijo¥irwxafhirYEXﬀYE`5ijd= Y§sixY`boraceC` heCnWwxkﬃ`5irYireCniYE` heC`bo¥YEwr©,kﬃ`CiZx°{bkl`bo	dmk°`WeCnW©ﬃYEdcdfYY§5ixY`borafeﬃ`p¨¦¢%Yi¥ixY heC`b{acirafeﬃ`
{YheﬃX"~Wdf^ixnb{Yg5klwkl`5iraciu5np YE`·nirafdfafoxkl`5iorYnWdfYX"YE`CidcYDo-ac`hwx^X"Y`5ixo ~eCnWwwk °`WYEwdcYDo-wxYEu5nWªixYEoE¬peﬃ`·~8YnWik,irirYaf`b{wxY
`p afXﬀ~8eﬃwrirYu5nWYEdpeﬃtWyYiE¨












{Y heﬃ`bhY~ioYDoi°afX"~WdcamhacirYEX"Y`5i(kﬃ{Wkﬃ~ir^C¨­A` Mkﬃa iD¬/dcYJ~Wwxaf`bhaf~Y {YJ`We5o& z YEo¥i"{Y
eCnWwr`bacw°{YDo°kﬃhhVEotbkﬃor^Eo"ornWw"dcYDo
~Wwxeﬃ~bwraf^ix^Eoﬀ{YEoﬀeﬃtWyYixoﬀYi"`beﬃ` ornWwﬀnW`WY o¥irwxnbh¯ixnWwrY
{¦ eﬃwxgCkl`bafoxk,ixaceC`®bgﬃ^EYﬃ¬/u5nWYdfdcYJu5np YdfdcYJo¥eCa iD¨/zpYirwxYafdcdfafo"{YJheC`bhYE~i




	¦ ﬁs"s¶Ms ﬁR³E # M32¶Ms ﬁR³ ³&=²?
jeﬃnbo3`p YE`5irwxYwxeﬃ`boR~bkCop{Wkﬃ`bopdfYEo{^iklafdfop{WYAd= afXﬀ~bdc^EXﬀYE`5ixk,ixaceC`p¬EhEklw3hYA`p YEo¥i3~bkCopdfYA~Wwxeﬃ~8eCo¦{YHhYAwkl~W~8eﬃwriE¨D¢%YE~YE`b{Wkﬃ`CiD¬
`WeCnbo-{eC`W`Weﬃ`o_u5nbkﬃ`b{ XﬀªEX"Yﬀnb`WY°af{W^Y°{Y"dfkJo¥irwxnbh¯ixnWwxYﬀhUWeCaforafY~8eﬃnWw-afX"~Wdf^X"Y`5irYEw-d= af`CixYwxwreCgCklirafeﬃ` Yidmk
`bk;©sacg5k,ixaceC`
heﬃ`bhY~ixnWYdfdcYDo¨lTeﬃnWirYeCafoE¬lafdsMklniA`belirYEwAu5nWY	hYirirY}o¥irwxnbh¯ixnWwxY&`3 YDoiHu5np nW`WY~WwxYX"afVwxY&~bwreC~e5o¥acirafeﬃ`p¬;YiAacdWwxYEo¥irY	«_dK ^E©;kﬃdcnbYw
Yij«dmk°heCX"~bklwxYw«"{¦ ^E©ﬃYE`CixnWYdfdfYEo	klnWirwxYEo	oreﬃdfnirafeﬃ`boE¨
5j`~bwraf`bhaf~8Y{Y°tbkﬃorY°{n·o¥UbYdfdAheﬃ`hY~WirnWYEdAYEo¥i{¦ kChh^E{YEw«
{WYEo-eCtyYio°Yi {p Y ﬂ8YDh¯irnbYw {YDo-eﬃ~8^wk,ixaceC`boo¥nbw-Yn§b¤
« ~bklwrirafw"{YeCwrXnWdcYDo¨zpYDo"kﬃhhVEoeﬃ`b{WkﬃX"Y`5ixkﬃn§heﬃ`o¥amoixY`5i°{eﬃ`bh« ~bkCororYw"{¦ nW`WYeﬃwxX nWdfY«nW` eCn {YDoﬀeﬃtyYixoYi
af`5irYwx©sacYE`W`WYE`Ciﬀ{Wkl`bo dfk ~Wdcnb~bklwri{YDo heCX"X"kﬃ`b{YDo {norUWYdfdK¨ Çd%qk {WYn§·o¥eCdcnWirafeﬃ`bo Y§sirwxªX"YEo~eCnWw afX"~Wdc^EX"Y`5irYEwﬀhYEo
kChhVDo¨8z3k°~bwrYEXﬀafVwxY-YEo¥i{Y`WY oE kﬃ~W~WnWqCYwjornWw_klnbhnW`WY o¥irwxnbh¯ixnWwxYYi{WY wx^I¾^©,kldfnWYw}hYEokﬃhhVEoheﬃX"~WdfVixYX"Y`5i«(hUbkﬃu5nWY
eCafo&Y`JorYjtbkCorkﬃ`Ci	ornWw%dfYnbw{W^®b`Wacirafeﬃ`3¨v)eCnWwce:'"ßA_dK Y§sirY`o¥afeﬃ`
{Y "¦¤¯¬hYEdfk wrYE©5afY`5i	« ^E©,kldfnWYw¸0:xA

v `*"J~8eﬃnbw%ixeﬃnieﬃtWyYi



























eCwrXnWdcYDo	~Wdfni ﬃiju5nWY{Y heﬃ`bhY~io vAwxYX"afVwxYX"Y`5iE¬hYu5nWap`WeCnbo	af`5ir^wxYEoxorY{bkl`bo	dfYEojheﬃ`hY~WixoE¬WhYoreﬃ`5i}dcYDo	Y§sixY`boraceC`bo
Mwxkﬃ~W~YEdcdfeﬃ`oJI¾`Weﬃno°uCnbY d= eﬃ` hUWYwhUWY «~bkCororYw°{YDo"eﬃwxX nWdfYEo°kﬃn§ eCtyYiox¤¬AYi`beﬃ` dcYDo°af`CixY`5irafeﬃ`o°uCnbaj~8YnW©CY`5iªixwrY
ixwreC~heCX"~Wdcamu5nW^YDoH~8eﬃnbw&ªirwxYjY§s~bdceCa ikltWdfYEo_Y§R¨hEkﬃo&eﬀCdmkﬀ{afoMyeﬃ`h¯irafeﬃ`YEo¥i%wx^Ekﬃdcamo¥^EYj~bkﬃw%nb`
heﬃ`bo¥irwxnbh¯ixYnWw¯¤¯¨s}^Dkl`WX"eCac`boE¬
`p afXﬀ~8eﬃwrirY-u5nWYEdcdfYjeCwrXnWdfY_kCororehaf^Y« nW`JheC`bhYE~i~bklwﬀ< Mkﬃa i	dK k ﬂRkﬃacwxYj~8eﬃnbw&dfYwrYE~Wwx^EorY`5irYEwE¨sjY~WdfnboE¬d= Y§sixY`boraceC`{¦ nW`
heﬃ`bhY~i"YEo¥iﬀdfaf^YJ« ireCnirY
eCwrXnWdcYdcY





















v ` «~bklwrirafw-{Y 














{¦ qk,i¥ikﬃhUWYEwdfYEoeCtyYioheCwrwxYEor~8eﬃ`b{Wkﬃ`5ixoE¨R5}`kldfgﬃeCwracirUbXﬀY"~8YwxX"Yiﬀ{p af`bor^wxYw{Y`beﬃnW©CYdfdcYDoeﬃwxX nWdfYEo {Wkl`bo dcY°gCwxkﬃ~WUWY
Yi`b^EhYDororacirYﬀnW`{W^X"eﬃ`bo¥irwk,ixYnWw-kﬃnireCX"kliramu5nWY~8eﬃnbw_dmkdceCgﬃamuCnbY  pu5nWYEdfu5nWYDoklnixwrYDokﬃdcgCeﬃwxa ixUWX"YEowr^DkldfaforY`5idcYDo_kChhVEo
^Edc^EXﬀYE`5ixklafwxYEo	{n orUWYdfd¦~bklw}orafXﬀ~bdcY-~bkﬃwxheﬃnWwo&{nJgﬃwkl~WUWY{YeCwrXnWdcYDo¨
@U4iR4 ﬂ ° ﬁ5¶





~Wdmk,i Y§¦¨©CeﬃdmklafdcdfYﬃ¬){YEoxo¥YEw¥i¯¤¯¬)dcYDoX"Y`snboﬀheCX"~e5o¥^Do« ~klwrirafw{YJhY~WdfkliYidfY`WeCX©5afYix`bklX"afY` {WY(dmk wxYEhYi¥ixYﬃ¨)v)eCnWw
hYi¥ixY~WwxYX"afVwxY_Y§~^EwrafY`bhYﬃ¬dmk"dceCgﬃamu5nWY-k^ir^ hUbeﬃamo¥afY-o¥afX"~WdcYa^acd)o klgCa i}{Y-dmk"dceCgﬃamu5nWY-«ﬀkli¥ixwraftWnio}o¥eCnbo#Icy¥kChY`5ixY«ﬀdK ¡j¢
hdfkCororafu5nWYC¨C¢%Y}{eﬃX°kﬃac`WYYDoiAaf`5ir^wxYEoxoxkl`5iA{¦ kﬃ~WwxVEo`WeCnbo/hkﬃw/acdW`3 Y§samo¥irY	~bkCo/{¦ eCwrg5kl`Wamoxk,irafeﬃ`UWaf^wklwhUWafu5nWY{YDo/wrYDhYi¥irYDo/u5nWa
oreﬃaciHorkliramoMkﬃafoxkl`5ixYﬃ¨,­A`"Mkﬃa iD¬C{Wkﬃ`bo/dfY	dcaf©swrY}{Y	wxYEhYirirYEoH{¦ eC"`Weﬃnbo/irafwreC`bo/`We5oA{eﬃ`b`W^YDoW |	\%YK¬CdcYDo/wrYDhYi¥irYDoAoreﬃ`5iHhdmkﬃoxo¥^EYEo
YE`"eﬃ`bhirafeﬃ`{Y}dfYnbwAiqs~YY§¦¨C©ﬃeﬃdmklafdfdcYC¬ﬃ{YEoxorYwriE¬lYixhl¨ ¤¯¨B kﬃafoAhYdmk-`WY}~8YwxX"YiH`ba{YjhUbeﬃamo¥afwAnW`{YDororYwriA~bkﬃwrX"aWixeﬃnboHhYnW§
u5nWa/Y§samo¥irY`5iD¬8`baA{YﬀMklafwrY"{YEokChhVDokﬃoxo¥ehamk,ixa HirYd/u5nWY"dmk(wxYEhUWYEwxhUbY{¦ nW`~Wdfkli«(tbkCo¥Y"{Yﬀ~eCafoxoreﬃ`Yi{Y"gﬃaf`WgﬃYEX tWwxYﬃ¨
z3Y~WwxeﬃtbdcVEXﬀYk;©ﬃYEhd= eﬃwxgCkﬃ`Wafoxk,ixaceC`JUWac^EwxkﬃwxhUbafu5nWYC¬bamhaK¬8YDoiu5nWY dfYEowrYEdfklirafeﬃ`boY`5ixwrYdfYEo_wxYEhYi¥ixYEojYidcYDojaf`Wgﬃwx^E{WacYE`Ciooreﬃ`5i




X"eﬃ`5ixwrYE`CiAu5nWYC¬lheﬃ`WeﬃwxXﬀ^EX"Y`5i«hYu5nWa^ixkﬃa iHk;©,kl`h^«jdmko¥YDh¯irafeﬃ`"W¨fŁﬃ¬;dK eCwrg5kl`Wamoxk,irafeﬃ`{¦ nb`"orqoixVX"Y{¦ af`eCwrX°k,ixaceC`~klw
nW`"ixwrYEacdfdfafo/{Y}heﬃ`bhY~io/~8YwxXﬀYiAnW`WY}heﬃX tbac`bkﬃaforeﬃ`ﬀ^ixwreCa ixY	{YEo/X"e{YDoA{Y	wxYEhUWYEwxhUWY&af`CixYwxwreCgCklirafeﬃ`W`WYEdsYiA`bk;©safgCk,ixaceC`W`WYEd=¨







heCXﬀX"Ydmk `k;©5afgCklirafeﬃ`o¥nbac©,kl`5iﬀnW` hUWYEXﬀaf`heC`W`sn {YdK nirafdcamoxk,irYEnWwD¬Yidmk `bk;©sacg5k,ixaceC`
~8YniªixwrY ©5nbYheCX"XﬀY{Y dK af`5irYEwrwxeﬃg5k,irafeﬃ`J«~klwrirafw{YDo ro¥nWgCgﬃYDoixaceC`bo -{Y dmkheﬃX"X°kl`b{Y











nW`JYE`bo¥YEX tWdfY~WwxYEoxuCnbYkﬃwrtba iklafwrY{¦ eﬃtyYixo=hY-{YgCwr^-{¦ klwxtWacirwklafwrY_YEo¥i	dcaf^«ﬀd= Y§~WwxYEoxorac©sacir^-{YdfkﬀdfeﬃgCafu5nWYnixacdfafor^Y;¤¯¨
n ~eCac`5i{WY-©5nbY {Y-dK nixacdfamorklirYnbw{n orUWYdfd3heﬃ`bhY~ixnWYdK¬WdfYEojheﬃ`bhY~io	`p kl~W~klwklamororY`5i~bkﬃo	Y§~WdcamhacirYEX"Y`5iE¬X"kﬃafo}acdmo
orY-X°kl`WamoYDoixY`5i	`W^Ekﬃ`WX"eﬃaf`bo	heC`bhwxVixYX"Y`5iD¨vkﬃw	Y§YX"~WdfYﬃ¬tbacYE`Ju5nWYdfYEo	wxYEhYirirYEo	oreﬃafY`5i}kﬃoxoreshac^EYEo&Y`
X"e,qﬃYE`W`WY-«ﬀnW`WY






























d= ^ixnb{Y{YDo-afXﬀ~bdcamhklirafeﬃ`boYE`CixwrYkli¥ixwraftWnio1W \ Cﬃk%Y¾¨)¢ YEo¥idfkJdfeﬃgCafu5nWY"heC`CixY§sirnkldfafor^Y
kﬃac`bora{W^wxac©C^Yu5nWY`WeCnbo	~WwxelyYireC`bo}{¦ nirafdfaforYw~eCnWw}dmk°`bk;©sacg5k,ixaceC`
{Wkﬃ`bo	nW` o¥qo¥irVX"Y{¦ af`eﬃwxX°k,irafeﬃ`JdfeﬃgCafu5nWYC¨bzA ac`5ix^wxªi
{Yd= ¡j¢ {Wkl`o hY







eC~^Ewxklirafeﬃ`bo{YtbkCo¥Y Y§¦¨{^E{Wnbh¯ixaceC` {Wkl`o j¬hkﬃdfhnWd{YdK Y§sirY`o¥afeﬃ`{¦ nW`WYeﬃwxX nWdfYD¤({eﬃaf©ﬃYE`5i(ªixwrYhEkldmhnWdmkltbdcYDo¬%Yi
{eCac©CY`5i°k;©ﬃeﬃafwﬀnW`WY heCXﬀ~bdcY§sacir^
wklamo¥eC`W`bkltbdcYC¨v/klw"Y§sYEX"~WdcYC¬/`WeﬃnoYE`s©5amoxklgﬃYEeﬃ`bo{¦ kl~W~WdfamuCnbYw°dK ¡j¢&z kln {eﬃX°kﬃac`WYJ{n


































W ¢ CZY ¢%UWYEac` ·¨ ¤°Yiu nWgﬃ`bacYEw RI¾zH¨ ¤¨
!







































WŁY\_aﬃﬂ8eCwx{M_k;©saf{u"¨ ¤¬ 	ﬃeCnW©ﬃYEdceﬃi_MvAacYEwrwxYD¤¬ﬃsUWYEdf{eC`  klw (¡¨ ¤%Yi
·



















































































W zpaf`bY zpaf`b{afgK¢¨ ¤¯¨
!

























































W2s`WYDﬃY s`WYEd ixac`bgJK\ﬀ¨ ¤¨
!


























Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unité de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
Unité de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)
  	


	  
ISSN 0249-6399
